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Photolysis of methanolic solutions of (Ni(tet-b)NJ2 +, containing ammonia,
various olefins and ammonium tetrafluoroborate, results in the formation of
hydrazine and possibly aziridine derivatives. The data have been interpreted in
terms of the formation of a coordinated nitrene. A nitrene intermediate is also
implicated by the kinetic results. Quantum yields were determined at 340 nm.
The kinetics of the photochemical reactions have been studied and a mechanism is
proposed to explain the primary steps induced by photolysis. Scavenger
concentration studies show that the quantum yield of hydrazine increases with
increasing concentration of ammonia and decreases with increasing concentration
of olefin. The results suggest that the olefin does effectively scavenge the
intermediate to form aziride derivatives.
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INTRODUCTION
The photochemistry of the nickel(II) complexes containing azido and
macrocyclic schiff base ligands is of special interest since (1) few macrocyclic
complexes of Ni(ll) are known, (2) the ligand is much simpler than the porphyrins
or phthalocyanine, (3) coordination of the metal to the ligand is entirely through
nitrogen atom, and W the success of trapping the nitrene intermediates from
azido pentaammine complexes of rhodium and iridium has given some impetus to
the study of metal azides.1 The purpose of this research is to study the
photochemical reaction of (Ni(tet-b)N3)2 + with the hope of generating a
coordinated nitrene intermediate upon photolysis with ultraviolet light.
The photochemical behavior of transition-metal azide complexes has long
been a subject of interest.2 Renewed interest developed following the discovery
by Reed, Gafney, and Basolo1 of an efficient photoinduced coordinated nitrene
pathway in iridium(III) azidopentaammine complexes, eq 1. The dominance of the
nitrene pathway for the
M(NHJC N, u+ -> M(NH,LNH + + N9
heavy-metal complexes,3 contrasts strikingly with the observation of photoredox
modes, eq 2, for the analogous cobalt(IIl) complexes. ' '
Co(NH3)5N2+ -y^ Co2++ 5NH^++3/2 N2 (2)
This contrast in photochemical behavior of the various azido complexes has been
very puzzling.
Azide ion functions as a ligand in complexes of transition metals. In
general, N" behaves rather like a halide ion and is commonly considered as a
psuedohalide, although the corresponding pseudohalogen (N3)2 is not known. The
2
photodecom position of azides which are not coordinated to metals has also
undergone much study. Nitrene intermediates have been reported ' in the
photodecomposition of coordinated azides. Azido-metal complexes have been
observed to undergo three modes of photodecomposition. The photosubstitution
mode of decomposition involves the loss of the azido group as azide ion. Photo-
oxidation-reduction involves reduction of the metal center and the formation of
an azide radical, and coordinated nitrene. The chemistry of these intermedi
ates ' has been described as that of a strong electrophile, and they undergo a
number of reactions which have analogs in both nitrene and organic nitrene
chemistry. The photochemistry of azido complexes has been interpreted in terms
of substitution and/or azide radical formation with reduction of the central
metal.
The formation of coordinated nitrene in the reactions of Ru(NH,LN.,+ and
of Ir(NH,)-N, with aqueous acid was established by Basolo and coworkers. ' A
model for the photochemistry of coordinated azides was proposed in which a low
energy excited state of the azido group was responsible for nitrene formation and
the charge transfer ligand to metal (CTTM) state of the azido complex was
responsible for the photoreduction.
Photolysis of aqueous solutions of Cr(NH J_N3+ at 313 nm results in the
evolution of one mole nitrogen gas per mole of Cr(NH JcN,"1" decomposed. The
principal reaction mode was found to be the formation of a coordinated nitrene
intermediate which could be scavenged by HC1 to form the chloramine complex.
In the presence of Co(NH3)5H2O3+, photolysis of CKNH^N^ lead to the
formation of Cobalt(II).
In two puzzling short reports of the photochemistry of ruthenium(Il) ammine
complexes, it appeared that irradiation of Ru(NH J^N- + and (Ru(NH,) ^LNj^
3
produced some ruthenium(III) amines and N2 but not H-. Ford reported
that, although irradiation of the metal-to-ligand charge-transfer band (in the 360-
460 nm region) of Ru(NH3>5 A + (A = pyridine, acetonitrile) produces some
Rud^JH-LOhU , irridation at 25k nm again produces some ruthenium(lll)
complexes. The irradiation of Ru(NH5)g and Ru(NH3)5OH2 at these shorter
wavelengths also produces some W~ and photo-oxidation of the metal center.
The chemistry of nitrene has not been as fully investigated as that of
carbenes. Azides decompose upon irradiation. Nitrogen is lost and the reaction
products can often be rationalized by postulating nitrene intermediates which are
electron deficient species. Both spin paired (Lewis acid) and spin unpaired (di-
radical) behavior has been observed. The most common reactions are
abstractions of a hydrogen atom from the solvent, insertions, and intramolecular
rearrangements.
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It has been argued ' ' that nitrene intermediates should be far less
important in the photochemistry of first-row transition metal complexes than for
complexes of heavier metals. Since previous photochemical studies of cobalt(IIl)
azide complexes had not considered the possible intermediacy of nitrene
complex, ' some laboratories have attempted to detect such intermediates
in these cases also. However, nitrene is very reactive. By coordination we hope
to stablize nitrene and make it a better synthetic reagent.
EXPERIMENTAL
Preparation of Compounds
Materials. All reagents were reagent grade and used without further
purification unless otherwise specified. Methanol was freshly distilled from
magnesium turnings prior to use.
Alcoholic hydrochloric acid. Concentrated hydrochloric acid was diluted to
the appropriate volume with methyl alcohol so that the resulting solution was ca.
1 M in HC1.
5,7,7,12,1^,1^-hexamethyl-l ,4,8, ll-tetraazacyclotetradeca-4,ll-diene per-
chlorate, [H (1,7CT)] (ClO;,)?. The complex was prepared by modification of the
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published method. One hundred grams of 70% perchloric acid (HCIO^) and 60 g
of ethylenediamine (r^NCI-^CH.NH-) were used. Ethylenediamine was intro
duced dropwise to a large beaker of perchloric acid. An ice bath was used to cool
the solution, for the reaction was very exothermic. A white material appeared
first, then disappeared. The solution was cooled to room temperature. An excess
of acetone was added to the solution which was stirred constantly. The solution
was cooled to room temperature again, filtered, and the precipitate was washed
with acetone and then dried in air. The yield was 136 g (57%, based on the
ethylenediamine).
5,7,7,12,14,14-hexamethyl-1,4,8,11-tetraazacyclotetradecane-4,11-diene-nick-
el(Il') perchlorate, [Ni(l,7CT) KCIO,,)-,. The complex was prepared by
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modification of the published method. Twenty grams of nickel acetate was
dissolved in 80 ml of warm N,N-dimethylformamide (DMF). To the solution was
added 28.8 g of [H2(1.7CT)] (C10^)2 and the solution was stirred until all the
[H2(1.7CT) ] (C10^)2 was dissolved. The solution was filtered. Water, 160 ml,
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was added to the filtrate. The precipitate was washed with ethanol, then with
ether. It was then dried by evaporation. The yield was 25.04 g (86.94% based
on [H2(1.7CT)](C10^)2).
5,7,7,12,14,14-hexamethyl-l,4,8, ll-tetraazacyclotetradecanenickel(H) per-
chlorate, [Ni(tet)] (C10 ) . The complex was prepared'by a modification of the
published method.19 Eight grams of [Ni(l,7CT)l (ClO^ was dissolved in 150 ml
of water at 95°C with constant stirring. Two grams of NaBhL was slowly added
to the solution. The solution was kept at 90° for 30 minutes and boiled for one
hour. It was then made acidic with concentrated hydrochloric acid. The solution
was boiled until it became clear and filtered while hot. The volume was reduced
to 25 ml while the solution was still hot, 2.4 g of NaC10^.H2O was added. The
solution was then chilled and filtered. The precipitated was washed with ethanol,
then ether. The yield was 6.45 g (80.63%, based on [ Ni(l,7CT)](C10^)2).
Trans-l-azido-2-iodocyclohexane. This compound was prepared by the
published method. To a stirred slurry of 7.5 g (0.107 mole) of sodium azide in 50
ml of acetonitrile in a methanol-ice bath was added slowly 9.2 g (0.057 mole) of
iodine monochloride over a period of 15 min. The reaction mixture was stirred for
. an additional 15 min and, after 0.05 mole of the cyclohexene was added, allowed
to warm to room temperature and stirred for 12 hours. The red-brown slurry was
poured into 125 ml of water, and the mixture was extracted with 125 ml of ether
in three portions. These were combined and washed with 75 ml of 5% sodium
thiosulfate leaving a colorless, etheral solution. This solution was washed with
400 ml of water in four portions and dried over magnesium sulfate. The yield was
7.9 g (61% based on cyclohexene).
7-azabicyclo [4.1.0 ] heptane. This compound was synthesized by the
published method. A mixture of 75 ml of ether and 2.5 g of LiAlH,, in a 250 ml
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three-necked flask fitted with a reflux condenser, with constant stirring, was
cooled by an ice bath. To the stirred slurry was added a solution of 7.8 g of the
trans-l-azido-2-iodocyclohexane in 10 ml of ether and the resulting solution
stirred for 10 hours. Work-up was accomplished by the slow addition of 10 ml of
20% NaOH followed by 40 minutes of vigorous stirring. The precipitate was
filtered and washed with ether. The yield was 1.6 g (67% based on trans-1-azido-
2-iodocyclohexane).
Stock ammonia solution. A saturated ammonia solution was prepared by
treating methanol with ammonia gas. The solution was then standardized against
a standard HC1 solution.
5,7,7,12,14,1 4-hexamethyl-1,^,8,1 l-tetraazacyclotetradecanenickel(H)- u-di-
azido-5,7,7,12,14,14-hexamethyl-l,4-8-ll-tetraazacyclotetradecanenickel(ll) tet-
rafluoroborate, and perchlorate [(NKtet-blNj-J (BF ^and [NKtet-blNJtftCIO ;))2.
These two complexes were prepared by the method of Lloyd and coworkers, '
and were supplied by Dr. Reed of this department.
Procedures
Preparation of a calibration curve for determining hydrazine. Hydrazine
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was determined by the method of Watt and Chrisp. Hydrazine dihydrochloride
was used as a standard in preparing a calibration curve for the determination of
hydrazine. A 5.0 x 10" M stock solution was prepared in methanol. Aliquots
were pipetted from the stock solution into six 10 ml volumetric flasks containing 2
ml of hydrazine agent each. The flasks were then diluted to the mark with one
molar alcoholic HC1. The optical density at 455 nm was then recorded. Plots of
optical density vs^ concentration of hydrazine dihydrochloride were made. The
extinction coefficient of the complex formed from reacting hydrazine
dihydrochloride with hydrazine reagent was determined in this manner.
7
Simple distillation of olefins. An assembly having minimal surface area and
suitable for distilling small samples (about 10 ml) of olefins (cyclohexene, allyl
alcohol, allyl bromide, acrylonitrile, 2,3-dimethyl-2-butene) was used. It consists
of a 25 ml distillation flask connected by a cork to a side-arm test tube, which
serves as both the receiver and the condenser. The test tube was immersed in a
cooling bath if the distillation temperature was less than 100°. For distillation
temperatures in the range of 75 to 100 tap water was used; for the range of 50 to
75°, an ice bath was used.
Photolysis procedure. An optical train was employed in the irradiations.
The light from a 1000 W Oriel Optics high pressure xenon-mercury lamp was focused
by means of two quartz lens through a 14 cm quartz water filter onto the entrance
slit of a Bausch and Lomb Model 33-86-79 grating monochromator (1350
groves/mm). The entrance slit width (3.78 mm) and the exit slit width (1.40 mm)
were calculated from the manufacturer's reported dispersion of the grating to
yield 90% of the radiation within a 10 nm band-pass. The light from the exit slit
of the monochromator passed into a Varian Model 01-44-4200-00 thermostated
cell jacket. The jacket was thermostated to 25.0±0.1° with a Haake Model FE
constant temperature circulator. The jacket was mounted in order that the
distance between the exit slit of the monochromator and the cell could be
changed, thus permitting the light intensity to be varied. Light intensities were
measured by ferrioxalate actinometry before, during, and after photolysis and
the average values were used to calculate the quantum yields.
Determination of quantum yields. The quantum yield for the formation of
hydrazine was determined in the following manner. The solution under study was
irradiated for a predetermined amount of time in a 1 cm cell. A 1 ml aliquot of
the photolyte was pipetted into a 10 ml volumetric flask which contained 2 ml of
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hydrazine reagent. The contents of the flask were then diluted to the mark with 1
M alcoholic HC1. The optical density at 455 nm was then recorded. Plots of
optical density versus time of irradiation were made. The slope was obtained
from a plot of this type by least squares. The slope was then divided by the
extinction coefficient found from the above calibration for hydrazine to give the
rate. The rate was then divided by the absorbed light intensity to give the value
for the quantum yield. The dependence of the quantum yield for the formation of
hydrazine on ammonia was determined for 340 nm irradiation. Runs were
performed in which the ammonia concentration was 0.09 M. 0.32 M, and 0.58 M.
Determination of the stoichiometry for the reaction. Plots of the quantum
yield for hydrazine vs. different concentration of olefins were made. This was
done in order to determine the ratio of rate constants among different kinds of
olefins.
Light intensity measurements. The ferrioxalate solution was prepared and
supplied by Dr. J. L. Reed of this department. The procedure for running an
actinometer is as follows. Three ml of a 0.0090 M potassium trisoxalatofer-
rate(III) solution was pipetted into a 1 cm cell. The cell was then irradiated for a
known length of time. A 2 ml aliquot of the photolyte was then pipetted into a 10
ml volumetric flask containing 1 ml of a 0.10% aqueous solution of 1,10-
phenanthroline and 2 ml of an acetate buffer solution. The solution was allowed
to develop in the dark for at least one hour. Then the optical density at 510 nm
was recorded. This value was then subtracted from that of a blank to determine
the intensity.
The determination of azide ion concentration. The azide solution (0.25 ml -
1.0 ml of a 10 M solution) was pipetted into an excess of standard sodium nitrite
solution (1 ml of a 5.00 x 10 M) which was kept at 0 , and dilute perchloric acid
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solution (0.4 ml, 0.01 N) was added; the mixture was gently shaken, stopped and
allowed to stand. After four min, 0.5 ml of solution "A", containing 0.5 g
sulphanilic acid, 10 g sodium bromide and 4.3 ml 60% perchloric acid in 500 ml
water was added. The diazotization reaction was complete after five min. Then 1
ml of solution "B", containing 0.1 g <*-naphthylamine, and 20 g borax in 1000 ml
water, was added. The solution was made up to a standard volume (5 ml) with
water and the optical density measured at 475 nm.
Preparative photolysis procedures. The 3 x 10"3 M [(Ni(tet-b)N3)2](C10/f)2
and 0.5 ml of cyclohexene were dissolved in methanol to give a final volume of 25
ml. The solution was poured into a pyrex graduated cylinder which had been
clamped in the Rayonet Photochemical Reactor. The solution was irradiated with
16 of the low-pressure-mercury lamps provided with the reactor. These lamps had
a maximum output at 350 nm. A diagram is shown in Fig. 1.
Ion exchange resins. For ion exchange separation, Bio-Rad AG 50 W-X2
(200-400 mesh) cation exchange resin was obtained in the hydrogen form. The
resin was washed with 6 M hydrochloric acid to free it of any absorbed species.
The column was then washed with water until the eluents were neutral.
Bio-Rad AG 1-X4 (50-100 mesh) anion exchange resin was obtained- in the
chloride form. The resin was suspended in a large volume of water, then allowed
to settle. The suds and cloudy liquid were then decanted. The resins was slurried
in water and poured into a column. The column was washed with at least ten
column volumes of 6 M hydrochloric acid. The column was backwashed with
water until the eluents were neutral.
The process of trapping nitrene intermediates from the photolysis of [(Ni-
(tet-b)N-,).,) (C.10, )o. A proposed scheme for the trapping of nitrene

































Fig. 2. A proposed scheme for the trapping of nitrene intermediates.
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solution containing 3 x 10" M of [(Ni(tet-b)N J2J + and copper/zinc couple in
25 ml of methanol. The solution was then irradiated until the 330 nm absorption-
band was nearly disappeared. The exhaustive photolysis, which was monitored by
UV spectrophotometry, was completed in about three hours. The photolyte was
treated with 25 ml of warm water (70°) and passed over a column of cation resin.
The eluents were made acidic (pH=2) and then passed over a column of anion
resin. All the eluents were collected and extracted with three successive 10 ml
portions of methylene chloride. The aqueous layer was drawn off into an
Erlenmeyer flask and evaporated to dryness. It was expected that the salt of 7-
azabicyclofr.l.Ol-heptane could be obtained.
Preparation of zinc/copper couple. A 30 cm (1 mm in diameter) copper wire
was freshly polished with aluminum oxide sand paper and formed into coil form. It
was then dipped into an electrolytic cell which contained zinc sulfate as
electrolyte. The copper wire was connected to the cathode and a zinc strip which
was also dipped in the cell was connected to the anode. The electroplating was
run for four min under 150 mA direct current. The copper coil was washed with
running water and dried in the oven (110 ).
Spot test analysis. The spot test analysis was performed according-to the
published method. A solution of (Ni(tet-b)N J2 + containing cyclohexene was
irradiated for approximately three hours at 350 nm. A drop of this solution was
mixed with a few drops of a 1:1 methanol-carbon disulfide mixture on a filter
paper. After about five min, the excess carbon disulfide was volatilized. A few
drops of a 1% solution of silver nitrate in dilute nitric acid, was added. The
mixture was observed for evolution of nitrogen or for a blacking due to silver
sulfide AgS.
Physical measurements. Ultraviolet and visible spectra were recorded on a
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Varian Gary Model 17 UV-VIS-NIR spectrophotometer. Single wavelength
untraviolet and visible spectral measurements were taken on a Hitachi Model 100-
60 spectrophotometer or a Sargent-Welch Model SM spectrophotometer. All
infrared spectra were recorded on a Beckman Model 4240 or a Beckman Acculab 4
grating spectrophotometer calibrated against polystyrene.
RESULTS
When a methanolic solution of (Ni(tet-b)N,)-, +, containing ammonia and
ammonium tetrafluoroborate, were irradiated with UV radiation at 340 nm,
hydrazine was formed as one of the products. When a methanolic solution of
(Ni(tet-b)N,)2 which contained ammonia, ammonium tetrafluoroborate and an
olefin (cyclohexene, allyl alcohol, allyl bromide, acrylonitrile, 2,3-dimethyl-2-
butene) was irradiated with UV light (340 nm), hydrazine was also formed as one
of the products. For quantum yield determinations, a correction was made for the
fraction of light absorbed by (Ni(tet-b)NJ2 + in order that the quantum yield of
product could be accurately determined. The spectrum of (Ni(tet-b)N ,L + in
methanol is given in Fig. 3.
The dependence of the quantum yield for the formation of hydrazine on the
ammonia concentration was determined. All determinations were made at 25.0 ±
0.1° and the ammonia concentration varied from 0.05 to 0.7 M. The results of
22 a"1
these experiments and Lloyds' results are given in Table 1. A plot of ^^H^ vs.
[NH3] is shown in Fig. 4. This plot contains also the quantum yield reported in
the work of Lloyd and demonstrates the excellent reproducibility. A straight line
was obtained from this plot. These results fit a rate law of the following form, eq
3. The constants a and b are the intercept and
-1
slope, respectively, of the *NOH.~ vs. INH,]~ plot. The values for a and b
were evaluated by least squares (Table 1) and found to be 507 ± 8 ein mole" and
177 ± 1 ein respectively. The dependence of the quantum yield for hydrazine
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Fig. 3. UV-VIS spectrum of (Ni(tet-b)NJ2 + in methanol.
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Methanolic solutions of (Ni(tet-b)N,)?2+, NHV and NHaBFa were irradiated at
340 nm. J
a. This work
b. The work by 3. M. Lloyd of this department,
intercept = 507±8 ein mole"




Fig. 4. Dependence of the quantum yield for hydrazine formation on ammonia concentration.
A= This work, O = The work by J. M. Lloyd of this department.
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mined. AH determinations were made at 25.0 ±0.1°, using 340 nm radiation and
the oiefin concentrations varied from 0.09 to 0.5 M. The results of these
experiments are given in Tables 2-6. Plots of each <)>" u vs. [oiefin f are shown
in2m4
in Figs. 5_8. A straight line was obtained from these plots. These results fit a
rate law of the following form, eq 4, where the constants c and d are the intercept
and slope, respectively,
a"1., =c + d [oiefin]"1 (4)
N2H*f
of the *" H vs. [oiefin T plot. The values for c and d were evaluated by least
N2M4
squares (Tables 2-5). The quantum yield for the formation of hydrazine was deter
mined at a number of wavelengths of exciting radiation from 250 to 400 nm. All
determinations were made in 0.09 M NH-, at 25°. The results of these
experiments are tabulated in Table 7. The quantum yields are wavelength
dependent, with the formation of hydrazine favored at 340 nm. Nitrene
formation, on the other hand, occurs throughout the region from 250 nm to 400
nm.
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Table 2. The quantum yield for hydrazine formation as a function of the
cyclohexene concentration.
[cyclohexene] (M) ^N-H^ x 10+5 *N-H ~l x 10"3
-1 -1






0.50 3.33 . 30.00
Methanolic solution of (Ni(tet-b)NJ22+ 4 x 10'* M, cyclohexene, 0.09 M NH3> and
NH..BF, 2 x 10 M were irridated at 340 nm.
4 -1
slope = (3.84d0.06) x 10 ein mole
intercept = (1.06d0.02) x 10^ ein








intercept = (9.76±1.10) x 10 ein mole

















Table 4. The quantum yield for hydrazine formation as a function of the allyl
bromide concentration.
[allyl bromide] (M) *N2H4 x 10+5 * is/ H x 10"3
-1 -1






intercept = (3.90±0.65) x 10 ein mole"
slope = (3.91±1.93) x 103 ein
Table 5. The quantum yield for hydrazine formation as a function of the
acrylonitrile concentration.
acrylonitrile (M) ^H^ x 10+^ ♦ is/ H x 10"3
-1 -1






intercept = (1.69±0.23) x lO^ein mole"1
slope = (2.19±0.69)x 103 ein
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Table 6« The quantum yield for hydrazine formation as a function of the 2,3-
dimethyl-2-butene concentration.







Table 7. Quantum yield for irradiation at 250, 300, 340, and 400 nm for solutions





































[CH2CHCH2Br] x 10 M
Fig. 6. Dependence of the quantum yield for hydrazine formation on allyl
bromide concentration.
[CH2CHCN] x 10 M
Fig. 7. Dependence of the quantum yield for hydrazine formation on acryloni-
trile concentration.
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[CH2CHCH2OH] x 10 M
Fig. S. Dependence of the quantum yield for hydrazine formation on allyl
alcohol concentration.
DISCUSSION
The photolysis of (Ni(tet-b)N,L in methanolic solution containing ammo
nia and ammonium tetrafluoroborate was studied by 3. M. Lloyd using 340 nm
irradiation. Her study showed that hydrazine is formed as one of the products.
This suggests that the photochemical reactions of Ni(tet-b)NJ- + result in the
decomposition of the azido group via a coordinated nitrene (NUtet-bLN-jNH +
intermediate. This is also the photochemical behavior of the azido group in
hydrazoic acid and of some organic azides. The photolysis of hydrazoic acid yields
the reactive nitrene intermediate (NH), and some organic azides react photochem-
ically to produce substituted nitrenes (NR). Coordianted nitreno and/or nitrene
intermediate formation have been established by Basolo and co-workers for the
photodecomposition of Rh(NH3)5N3 + and Ir(NH3)5N3 . The results observed
for the photolysis of (Ni(tet-b)N3)? + by 340 nm irradiation are consistent with
the reaction scheme in eqs 5-10.
[<Ni(tet-b)N3)2 hv -^U [(Ni(tet-b)N3)2 ]2+* (5)
[(Ni(tet-b)N3)2] 2+* 2+[(Ni(tet-b)N3)2] + h> or A (6)
[(Ni(tet-b)N3)2 2+ [(Ni(tet-b)2N3N (7)






where S = allyl alcohol, allyl bromide, acrylonitrile, 2,3-dimethyl-2-butene,
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cyclohexene or any other nitrene scavenger.
The first step of the proposed'"mechanism represents the excitation of the
complex to some unspecified excited state. All photophysical processes resulting
in relaxation to the ground state are considered implicity in eq 6. It may also
release a nitrogen molecule and form a coordinated nitreno complex, eq 7.
According to R. Ngai, (Ni(tet-b)N3)2 + is a dimer and it has C2y micro
symmetry. It is not certain that the nitreno complex exists as a dimer. It is
possible for one of the (Ni(tet-b)) ions to dissociate upon photolysis. The
nitreno complex may react with a proton to form the coordinated nitrene
complex, eq 8. Ammonia can scavenge the nitrene to form the hydrazine, eq 9.
Hydrazine has been reported in the photolysis of azide ion Nl in solution. In this
mechanism the 254 nm photolysis of NL resulted in the formation of a nitrene
radical which was scavenged by ammonia to yield hydrazine. The product formed
in eq 9 may be unstable and dissociate to form free hydrazine. The nitrene may
also be scavenged by some other species such as olefins.
Assuming steady state concentration for the intermediates, [Ni(tet-
b)2N3N]2+, and [Ni(tet-b)2N3NH)]3+, the following rate law has been derived
from the proposed mechanism.
^ k7k9
Rearranging yields
1 k + k k [S](kfi + k7) (12)
N2H<T k7 + k7k9
This rate law predicts that plots of <k, H vs. [NH, F are linear as shown in Fig.
4. The linearity of this plot supports the proposed mechanism. The plots also con
tains quantum yields reported from the work of 3. M. Lloyd and demonstrates the
28
excellent reproducibility. The constants a and b which appear in the experimental
rate law, eq 3, have been evaluated by least squares (Table 1). The intercept of
the *m h X?j. INH,]~ plot yields a value of 507 ± 8 ein mole"1. The reciprocal
2 ty
of this value is equal to the primary quantum yield for the nitrene
k7
formation (-7- j—-). The value obtained for the primary quantum yield of nitrene
3 1
formation is (2.0 ±0.2) x 10" mole ein" . This value is of course larger than the
quantum yields of hydrazine formation in Table 1. These results suggest that
ammonia is not scavenging all the nitrene. The slope of the a" u vs. [NH,]"
N2H4 ~~ 3
plot yielded a value of 177 ±1 ein. The ratio of the intercept to slope yielded a
value of 2.86 M" for kjk.^ [S ]. Because the concentration of the possible
scavenger is not known, the relative rate constants for scavenging of the nitrene
by ammonia and S cannot be calculated.
The following rate law analogous to eq 11 was derived for the proposed
mechanism,
k7kQ [NHJ
= / y .. j
LoletinJ
where [SC] is any other nitrene scavenger. Rearrangement yields
(k,+ k7) , (k,+k7)k.n [olefin] (k, + k7) k., [SC]
, _1 D / 1 b / 1U i P I 1 L 71
The linearity of the <ji" H vs_i [olefins] plots with [NH,] held constant (Figs. 5-8)
N2 4 i
further supports the proposed mechanism for the photolysis of the (Ni(tet-
b)N,)2 + system.
Comparison of the experimental rate law (eq 4) and the derived rate law (eq
17) shows that
1 1 10
= *NH FNHJ] ^ Where * NH = k7/(k6 + V
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since $" and [NHJare the same for all of the reactions studied. The relative
rates of scavenging of the intermediate by the various olefins can be obtained and
show the following order: cyclohexene> allyl bromide> acrylonitrilo 2,3-dimeth-
yl-2-butene > allyl alcohol.
Coordination compounds have been used as catalysts in organic reactions for
almost a century. There is still very little specific information on how the
coordination process compares with typical substituents groups in varying the
reactivity of an aromatic ligand. In order to seek an empirical relationship for the
prediction of the reactivity of various olefins towards the coordinated nitrene, to
yield aziride derivatives used as precursors to many other nitrogen containing
compounds, an attempt was made to compare the observed relative rates
constants with electronegativities and the Hammett substituent constants.
In view of the variation of atomic electronegativity with molecular
environment, particularly for carbon, it is convenient to use relative group
electronegativities for correlations with structure. From the variety of
methods used to assess relative group electronegativities, an order was
established as follows: OH (3.7)>(CH3)2> CN(3.3)> Br(2.8) > cyclohexene.
Since basicity generally decreases as the electronegativity increases, the
following order of basicity was obtained from the above order of electronegativ
ities: cyclohexene > allyl bromide > acrylonitrile> 2,3-dimethyl-2-butene> allyl
alcohol.
The previous order of relative rates of various olefins seems to follow the
2S
order of electronegativities derived by 3. E. Anderson. The olefins act as Lewis
bases and coordinated nitrene acts as Lewis acid which would be good electron
pair acceptor. It is easily scavenged by a Lewis base which has a pair of electrons
which can be easily donated to an acceptor molecule. Thus the reaction of olefin
30
with nitrene is very favorable, especially for cyclohexene and allyl bromide.
29
Hammett designed a series of substituent constants, a , which represent




where k is the rate of reaction for the cyclohexene and k is the rate for any
substituted olefin undergoing the same reaction. Eq 18 expresses a linear
relationship of free energy. A plot of log k/k vs. a value is shown in Fig. 9 using
the data in Table 8. The straight line indicates the free energy equation is valid.
The reaction constant p, is a measure of the sensitivity of the reaction to a
change in substituent. Consideration of a plot of (log (k/kQ) vs^ a for the
photochemical reaction leads to the conclusion that p will be negative if the
reaction rate is increased by electron donating substituents. The observed value is
- 1.10 ±0.21. This value is indicative of a transition state with a reacting center
relative to the initial state as is the case for nitrene. The good agreement
between the expected and observed photoreaction constant suggests that the
combination of photochemistry and Hammett linear free energy relationship may
offer a general guide of assessing the varied nitrene trapping by olefins. Failure
of 2,3-dimethyl-2-butene as an effective nitrene scavenger may be tentatively
interpretated as a difficulty of bulky dimethyl group to enter the azido nickel
complex and to react with coordianted nitrene (Table 6); because of this, the use
of many different concentrations for 2,3-dimethyl-2-butene was restrained.
In addition, the photochemical reaction occurred with relatively low
quantum efficiency. However, this cannot be attributed to secondary recombina
tion since this process is insignificant for nitrene and molecular nitrogen.
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Table 8. The relative rate constants and the substituent constants (j) for the
photolysis of (Ni(tet-b)N J2 + with olefins in a methanolic solution.













Hammett equation: log k/k =P'O
All data:
intercept = 0.64 ±0.55
p = slope =-1.11+1.05
Exclusive of CN:
intercept = 0.47±0.11










Intercept = 0.64 ± 0.55
Slope = -1.11 ± 1.05
J I L
-0.3 -0.1 0 0.1 0.3 0.5 0.7
SUBSTITUENT CONSTANT, a
Fig. 9. Substituent effects in the photolysis of (Ni(tet-b)N.j)2 + with various
olefins in methanol.
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Many efforts to trap and examine the unusual coordinated nitrene
intermediates have been unsuccessful in the beginning of this work. Until
26
recently, a new method was used to reduce the reactivity of such nitrene when
it was generated in the presence of a copper/zinc couple during photolysis. The
light-brown products, containing 7-azabicyclo [4.1.0] heptane salt, have not been
clearly characterized, but are very similar in color and infrared spectra (Figs.
10,11) to the aziridine product which was synthesized from the LiAlhT reduction
of trans-l-azido-2-iodocyclohexene. Apparently, a copper-zinc-complexed nitrene
could result in lower reactivity and the fact that aziridines are by far the most
prevalent of products obtained on reaction with olefins. In order to further
characterize the salt of the aziridine product' from the 350 nm photolysis, spot
test analyses were performed. The positive result was obtained for a secondary
amine by conversion to dithiocarbamate. These characterization experiments give
further support to the formation of coordinated nitrene.
The formation of hydrazine and tentatively identified 1-azabicyclo [4.1.0]
heptane is strong evidence for nitrene or coordinated nitrene formation during
the photolysis. The work of W. Lworski further supports this conclusion. This
evidence suggests that acylnitrene can be an intermediate in the photolysis of
carbonyl azides. The nitrenes can be trapped with olefins.
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Fig. 11. Infrared spectrum of the salt of the product obtained from the 350 nm photolysis.
CONCLUSION
It is certain that the addition of an olefin to methanolic solution of (Ni(tet-
2 , NH3, and NH^BF^ would significantly affect the quantum yield of
hydrazine. The most reasonable interpretation is that an olefin competes with
ammonia for the nitrene intermediate to form aziride derivatives.
The formation and reaction of coordinated nitrene intermediates is quite
worthy of intensive study. Furthermore, additional methods for the generation of
coordinated nitrene must be established if their full potential is to be understood.
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